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By J. V. Robinson
SUMMARY

Lubricating and antifoaming additives in aircraft lubricating oils
may impede the escape of small bubbles from the oill by forming shells
of liquid with a quasi-solid or gel structure around the bubbles.

The rates of rise of small air bubbles, up to 2 millimeters in
diameter, were measured at room temperature in an undoped oil, in the
same 01l containing foam inhibitors, and in an o0il containing lubricating
additives. The zpparent diameter of the air bubbles was measured visu-
ally through an oculaer micrometer on a traveling telescope.

The bubbles in the undoped oil obeyed Stokes' Law, the rate of
rise being proportional to the square of the gpparent diameter and
inversely proportional to the viscosity of the oil.

The bubbles in the olls containing lubricating additives or foam
inhibitors rose more slowly than the rate predicted by Stokes' law from
the apparent diameter, and the rate of rise decreased as the length of
path the bubbles traveled increased.

A method 1s derived to calculate the thickness of the liquid shell
which would have to move with the bubbles in the doped oils to account
for the abnormdglly slow velocity. The maximum thickness of this shell,
calculated from the velocities cbserved, was equal to the bubble radius.

INTRODUC TION

The addition of Dow Corning Fluid and certain other foam inhibitors
to alrcraft lubricating oil was observed to increase the stabllity of
a residue of "emulsified” air in an oil, which was being rapidly
circulated and continuously aerated (reference 1). In the reference
cited, experiments are described showing that, while the escape of
most of the "emulsified" air in the oil was facilitated by the presence
of foam inhibitors, by the mechanism of bubble coalescence, and, while
a foam head was nearly eliminated, a residue representing a small
percentage of the original aseration was actuslly stabilized in the oil
as an "air emulsion" and as & coller on the surface of the oil. It was

L N |



2 NACA TN 2033

supposed that the air bubbles in the stabilized "air emulsion” were
protected from coslescence by a complete £ilm of the foam inhibitor
spread upon their inner surface. In. the same& series of experiments,
it was obsgerved that an oil contalning lubricating additives likewlse
stabilized "emulsified air."

1t was the purpose of the experiments described in this report
to expose the mechanism by which the additives in the lubricating oil
stabilized the emulsified air incorporated into the oil circulated
through & high-speed gear pump. By measuring the velocity of rise
of air bubbles in a colummn of qulescent oil, with and without additives,
the presence or absence of thick layers of liquid on the bubble surface
and moving with the bubbles could be ascertained. The presence of such
thick layers of liquid moving with the bubbles in oils containing
additives is demonstrated in the experiments described in thils report,
and their shsence demonstrated in an undoped oil.

This work was conducted at Stanford University under the sponsor-
ship and with the financlal assistance of the National Advisory Committee
for Aeronautics.

SYMBOLS

v veloclty of fall of spherical body in viscous

medium 61 = 2ga" f}) - de)) ; centimeters per second
g acceleration of gravity (980 cm/sec/sec or dynes/g)
& radius of spherical body, centimeters
dy density of spherical body, grems per cubic centimeter
do density of medium, grams per cubic centimeter
| ebsolute viscosity of medium, poises
dg density of oil (0.9 gfcc at 25° C)
dg, density of air (0.00129 g/cc at 25° C)
dao effective denslty of air bubble surrounded by a rigid shell

of oil
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Tgs Dg radius and dlameter, respectively, of alr bubble,
measured optically

rg', Dg' radius and diemeter, respectively, of air bubble,
calculated from Stokes' Law from its observed
velocity of rise

Taos Dgg . radius and diameter, respectively, of rigid shell of
0ill surrounding air bubble

Vg volume of air bubble (vé ='% ﬂra3)

Vo volume of rigid oil shell around air bubble

Vao = Va t Vo

v kinematic viscosity of liquid medium or oil (v = n/dp

or v =1/dy), stokes

THEORY OF RISE OF AIR BUBBLES THROUGH OIL

The rate of fall of & spherical body through a viscous and
homogeneous medium is related by Stokes' Law to the radius and density
of the spherical body and to the viscosity and density of the medium.
Stokes' Law is expressed by the formula

v - 2ga?(d; - dp)
om

Applying the formula to the rise of alr bubbles through lubricating )
oll, the constants of the formula may be evaluated: d; becomes dg, dp .

becomes dy, and & becomes ry'. Since dg >> dy, dg - 4 1s equal
to -4y, with an error of sbout 0.1 percent. Since the equation was

derived for falling bodies, the velocity of rising bodies is negative.
The difference in densities is also negative; hence all quantities in
the computation are reckoned as positive. Solving the equation,

(ra')2 = 91V/2gdo. Since n/dg 1is equal to v, the kinematic viscosity
of the oil (ra')2 = 9VV/2g; and, substituting the bubble diameter for
its radius, (Dg')% = 18vV/g = 0.01836VV.
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The observed rise of the alr bubbles appeared to—follow Stokes' Law,
in that the varlation of the velocity of rise was nedrly linear with the
square of the observed dismeter, as is demonstrated by the data of-this
report. However, in doped oils, the bubbles rose abrormally slowly.

This is explained by assuming that the air bubble is accompanied by a
shell ofoil (or additive, or both) which rises through the oil with
the bubble. The resistance to passage of the bubble is increased by
the presence of the shell, with no compensating increase in the oil
displacement.

Consider an air bubble rising through oil and carrying ﬁith 1t a
rigid shell of oil. It 1s desired to calculate the radius of this
shell. The effective density of the bubble with its shell is then

_ Vvadg + Vodo

dag =
Vao
or

vada N Vodo
Vao Vao

d&O=

Considering the bubble as truly spherical (i.e., undistorted by the
velocity pressure against its front),

and

Vo = %T“<fao3 - ra3)

The effective denslity becomes, on substitutlion of these values,

3 3 _p3 ' 3
rg3ds  (rao ra>)do Tg

= +- = (4 -do-———-!-do
° r3ao rao3 ( * )ra03
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The a 1in Stokes' Law is now rgo, 47 becomes dy, and dp
becomes dgg; hence, :

28ra02(do - dgo)
on

vV =

Substituting the expression for dgg derived above and simplifying
algebraically glves

V= 2g (3 - da)ra3
- 9T a0
Solving,
_ 2g(d - dg)re]
rao = onv

As noted before, the difference in densities d, - 4, may be considered

equal to do with sufficient accuracy, and the kinematic viscosity v
may then be substituted for n/do. These substitutions give

2gry3

Tgo = oV

It will be noted that this equation contalns the expression g%v which

is the reciprocal of the quantity alresdy equated to @bf)e. The
result may finally be expressed in the form

S
(ra')e

Stating this result in words, it has been shown that the radius of
the rigid shell of oil carried along by the air bubble is equal to the
cube of the actual radius of the air bubble, divided by the square of
the radius calculated from the observed velocity of rise, substituted
uncritically into Stokes' Law.

Tao =
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It hardly needs to be pointed out—that the same relation is true
for the diameters, that is, '

A convenient method of analyzing the experimental results is suggested;
the ratio of the squares of the diameters observed and calculated

2
Da”

(2a')

is the factor by which the observed diameter should be multiplied to
obtain fthe outside diameter of the riglid shell of liquid carried by
the air bubble. The proportion of this shell 1s thus indicated for
any size of bubble. As derived on a preceding page, the calculsated
dismeter of & bubble, in a given o0il of known viscosity, 1s equal to
a factor times the observed velocity of rise.

APPARATUS

The oil was contained in a 100-milliliter graduated cylinder.
The markings on the side of the cylinder, at 10-milliliter intervals,
were used as reference lines to Indicate vertical distance. In the
first serles of experiments, the cylinder stood in the open laboratory,
but more uniform tempersture was obtalned in later experiments by
standing it in a large reservolr of water.

The tempersture of the oil was meaSured by & thermometer,
o
graduated in %8 C, which was immersed in the oill in the cylinder.

In the series of experiments with the cylinder standing in air, the
bubbles were timed between the graduations just—=above and below the
thermometer bulb, in an effort to minimize the effect of temperature
gradients in the oil. Because of the necessity for strong illumination,
the 01l gbsorbed radiant energy and its temperature wes generally
somewhat above the temperature of the surrounding air. With the cylinder
immersed in water, the temperature changed very slowly, and the entire
visible length of the cylinder was used.

The reservoir used to jacket the cylinder in the later experiments
was made of-sheet metal, its bottom being about 18 by 24 inches in
dimensions. It was filled with water until the level stood about 1 inch

[ %
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below the top of the graduated cylinder standing inside. Glass windows
were set with gaskets in the long sides of the reservoir, permitting
illuminetion from one side, and observation from the other. The windows
were gbout 4 inches wide by 6 inches tall, of plate glass. Black paper
was pasted on the front window, except for a wvertical strip in the
center, permitting the cylinder to be viewed but shielding the eyes from
excess light.

Tllumination was provided by an ordinary 100-watt lamp placed next
to the back window of the reservoir.

Bubble diameter was measured by vlsual comparison of the bubble
image magnified about 10 times by a traveling telescope with the lines
of an ocular micrometer net in the telescope. The telescope was also
used to measure the wvertical distance between the graduations on the
cylinder. The ocular net was calibrated by compasrison with a stage
micrometer slide.

Bubbles were formed in a caplllary tube, with a U-turn on the end,
vwhich was inserted to the bottom of the cylinder. A small syringe pipette.
was connected with rubber tubing to the upper end of the capillary, and
bubbles were ejected from the tip of the U-tube, under the oil, by
pushing in the plunger. The capillary was clamped in place, as the
position of the jet was critical. The jet could not be far from the
wall of the cylinder, because the outlines of the bubbles would not
be sharp, and it could not be too close to the wall, because the wall
would interfere with the free rise of the bubbles. For convenience,
the jet was set at the 10-milliliter graduation of the cylinder.

TEST PROCEDURE

The cylinder was filled with oll, to the 100-milliliter mark. The
capillary tube with syringe pipette attached was inserted into the oil
and clamped in place, the top of the jet being set even with the
10-milliliter graduation on the cylinder. The cylinder was alined in
front of the observation window of the reservoir, in those experiments
where the cylinder was Jjacketed. The thermometer was inserted into
the o0il, and clamped in place with the bulb just below the middle of
the graduated portion of the cylinder.

Bubbles were formed by pushing in the plunger in the syringe
pipette. 0il backed up into the capillary, cutting off small "slugs"
of air. The size of the bubble could be estimated by the length of
the slug in the capillary tube, and by manipulastion bubbles of any
approximate diameter desired could be ejected.
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Two stop watches were used in those experiments where the rate of
rise of the bubble was measured over different intervals of its whole
Journey through the oil. One watch was started when the bubble crossed
the 20-milliliter graduation; when the bubble crogsed the 30-milliliter
graduation, the first watch was stopped and the second watch simul-
taneously started. The time indicated by the first watch was immedisately
recorded and the watch bhand returned to the starting position, ready to
be started again at the instant the bubble crossed the 40-milliliter
graduation. The process was continued until the bubble reached the
80-milliliter graduation, at which point-it came to the end of the
window in the reservoir and went out of sight.

In the early experiments, the bubble was timed only in the central
portion of its travel, between the 30- and 60-milliliter graduations,
in the center of which the thermometer bulb was placed. In the tables
of data, it is obvious which method -was used. Sometimes, with very
small bubbles, the time required for the bubble to cross the field
of the telescope (0.19 cm) was measured rather than the time between
two graduations.

Whenever time permitted, the telescope was focussed on the rising
bubble, and the diameter noted against the ocular micrometer net. In
tlr2 case of large bubbles, this was possible only once or twice during
their rise, and required very rapid manipulation. With small bubbles,
there was ample time for the observation, and the diameter was measured
between each pair of graduations.

The thermometer was read before and after the rise of each bubble,
when the cylinder was not jacketed, and less frequently when the cylinder
was lmmersed in the reservoir of water.

PRECISION

The over-all precision of the measurements cannot be evaluated
except in terms of a statistical study, which 1s neither Justified nor
possible with the present data. However, certain of-the variables
may well be considered separately.

The diameter of the bubbles was messured by estimation of the
gize of the image against a calibrated ocular net micrometer. Each
square of the net corresponds to 0.0190 centimeter of object size.
The diemeters were estimated to one-tenth of a square, with an estimated
precision of about plus or minus one-tenth of a square. An error of
%0.002 centimeter is indicated, which is less than 5 percent of the
smallest bubble measured.
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The other errors in bubble measurement are not easlly evaluated.
The curved wall of the graduated cylinder is a lens, magnifying the
horizontal dismeter of the air bubbles. The magnification was more
pronounced when the cylinder was in alr than in water, because the
refractive index of water ie closer to that of the glass than is
that of the air. Consequently, bubbles appeared larger than they
actually were when the cylinder was in air, and the observed rate
of rise eppeared correspondingly slow. This is the most obvious
explanation for the higher values of the radius of the oil shell
calculated from the data obtained with the cylinder in air. The
distance of the bubble from the wall also changed the degree of
magnification, so even the relative values in a series would not be
quite correct if the bubbles deviated in their paths. Likewise
bubbles rising through a liquid are not truly sphericeal.

The timing of the bubbles with a stop watch was precise to
about ¥0.2 second. The shortest times measured were about 20 seconds;
hence the maximum error from this source was 1 percent. An estimate
of the average error would be about 0.4 percent. Here again, however,
the greatest error is not in the messurement itself. There were
convection currents in the oil, as noted from the movements of the
emulsion droplets in the oils containing foam inhibitors. With the
cylinder immersed, these currents were only rarely observable, but
the bubbles themselves must-cause some convection. The temperature
of the oil changed at the rate of about 0.20° C per hour even with
the cylinder immersed, apparently mostly because of absorbed radiation,
despite 9 inches of water between the oil column and the light source.

The Iimportance of the relative viscosities of the different oils
used 1s apparent from the equations used in the calculations: the
veloclty of rise varies inversely as the viscosity, and the viscosity
changes roughly 8 percent per degree of temperature change. The
viscosities used in the calculations were measured with a MacMichael
viscosimeter, and the temperature-viscosity curves plotted. To
establish the relative viscosities more precisely, the values were
redetermined using an Ostwald-type cepillery viscosimeter immersed
in a water bath at 25.00° C. The viscosimeter was calibrated ageinst
the viscosity of a Nationsl Bureau of Standards reference oil. The
deviation of viscosities measured in this way was less than 0.5 per-
cent. The results are shown in the following table:
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Viscoslty by Viscosity used
Ostwald-type in calculations
0il viscosimeber '
Time |[Messured Measured
(sec) | (stoke) Relative ( stoke) Relative
National Bureau of Standards{251.0{ 10.06 R 8.ko 1.00
reference standard oil
Aeroshell 120 22k.5] 9.00 1.00 8.40 1.00
Aeroshell 120 containing 224,01 8.98 1.00 8.4%0 1.00
0.1 percent Dow Corning
Fluid Type 200
Aeroshell 120 containing 234,51 9.40 1.05 8.40 1.00
0.075 percent glycerol
and 0.025 percent
Aerosol OT
RPM Aviation 120 271.1| 10.87 1.21 10.40 1.24

The difference in relative viscositles as measured and as used in

the calculetions is Been to be 5 percent meximum. This is not sighificant
in affecting the interpretation gilven to the data.

The best estimate of the over-all precision of the data is obtained
from analysis of the values for the ratlio of the squares of the diemeters

of bubbles, observed and calculated as presented in the tables. Such a
discussion appears in a later section. .
RESULTS AND DISCUSSIQON
The data are presented completely in tables I to VII. Tsbles I,

II, III, and IV present the measurements made on oils in a graduated
cylinder standing in air, and tables V, VI, and VII present the
measurements made with the gradusted cylinder immersed in a large
water reservoir.

The most significant figures in these tables are contzined in the
column at the extreme right. This ratio represents the comparison of
the squares of the observed bubble diameters with the squares of the
calculated bubble dismeters, which may also be interpreted as the ratio
of the expected to the actual velocity of rise, or the ratio of the
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outside diameter of a shell of rigid oil carried by the bubble to the
diameter of the bubble itself. Provided the absolute values of all
constants used are exact and the measurements accurate, this ratio

must be unity unless there is some difference between the bubble in
actuality and the concept of a smooth sphere moving through a Newtonian
liquid. Average values, the average deviation from average, and the
number of values {given in parentheses) taken from the tables, for the
four oils measured, compare &8 follows: :

2
COMPARTSON OF AVERAGED VALUES oF {2a)”_

(Da')2
. Cylinder immersed
0il . Cylinder in air in water

Aeroshell 120 1.40 + 0.18 (10) | 0.879 t 0.033 (45)
Aeroshell containing 2.08 £ 0.23 (16) | ~--=--cemmmmmeea

0.075 percent glycerol and

0.025 percent Aerosol OT
Aeroshell containing 1.70 ¥ 0.11 (22) | 1.35 £ 0.15 (2k)

0.1 percent Dow Corning

Fluid Type 200
RPM Aviation 120 1.28 = 0.16 (18) | 1.02 * 0.07 (1T)

The irmediately apparent result is that the ratios are different
for the four oils. The average deviations from the average wvalues
give some idea of the homogeneity of the data from which the averages
were obtained. It is assumed that the value for Aeroshell 120 represents
unity, on the basis of the very homogeneous data shown in tsable VI.

The question of whether RPM Aviation 120 shows any aenomaly in the
rate of rise of its bubbles requires careful analysis to answer. Only
the date obtained with the cylinder immersed are homogeneous enough
for this purpose. The inversion of the ratios for RPM Aviation 120
and Aeroshell 120 with the cylinder in air is accounted for by the range
of varisbility of each set of data. It is apparent that the degree of
anomaly 1s small; the apparent separation of the ratios for Aeroshell 120
and RPM Aviation 120 is 1l percent, but the total average deviation from
average is 10 percent. PFurthermore, as pointed out in the preceding
section on precision, there is a 3-percent error in relative viscosity,
in the direction to bring the ratios closer together. However, a net
difference still exists. This is confirmed by the data of table V(b),
which have not been used in the previous calculations.
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The data of table V(b) indicate that the velocity of the bubbles
rising in RPM Aviation became slower and slower as they rose. The
ratio over even the first range, from gradustion 20 to 30 is greater
than that for Aeroshell 120, confirming the conclusion of the preceding
paragreph. It -will be seen in table V(b) that, up until graduation 50,
the ratios of the squared diameters are in the same range as in
table V(a), in which all of the bubbles were timed in the region
below graduation 50. The two tables may thus be regarded as confirma-
tory insofar as the data overlap.

The decrease in velocity in the upper part of the bubble path may
be due to elther of two causes. The first is a wall effect. As the
bubbles rise close to a wall, they tend to move closer to the wall,
by Bernoulli's theorem. One series of measurements (not—reported)
on Aeroshell 120 also showed this effect, although not nearly so
pronouncedly, which was eliminated by moving the jJet—slightly farther
awey from the wall of the cylinder. The reported data on Aeroshell 120,
table VI, show this effect completely missing.

The second cause is that the adsorbed materisl on the bubble, and
hence the dlameter of the shell moving with the bubble, may increase as
the bubble travels. Thig is a very reasonsble supposition, since it
has previously been shown that some of the—additive materiel in
RPM Aviation may be removed by collecting it on air bubbles rising
through a column of the oll, and segregating the froth which the
bubbles form. As & bubblé collects adsorbed material, the area swept
out would increase and more material would be accumulated, at an
exponential rate. The very sharp upswing in the ratlo of-the squared
diameters in table V(b) is rationel on this supposition. The diameter
of the shell of material moving with the bubble apparently may be
double the diameter of the air bubble. The argument for the second
cause is strengthened by the demonstration of the same effect in
table VII, for Aeroshell contalning Dow Corning Fluid Type 200.

The result which has been demonstrated qualitatively is that
alr bubbles rising through these oils which contain varlous additives
accumulate the additives on their surfaces in great effective thickness,
thereby impeding their rate of rise through the oil. The order in which
the additives accumulate on the surface of air bubbles is glycerol -
Aerosol-0T, most; Dow Corning Fluid Type 200, slightly less; and the
lubricating additives in RPM Aviatlion 120, least. This order is
tentative, inasmuch a&s there is a rate of adsorption involved as well
as the magnitude. Also, this order is based on the gpparent diameter
of the shell moving with the sir bubble, rather than on either weight—
or volume of the additive itself.
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The phenomenon is of great interest theoretically as regards the
structure of liqulds. The antifoam additives add a shell to the air
bubbles which can have a diameter half again as great as the alr
bubble itself. This must mean that a gel-like structure, possibly a
plastic solid, extends from the air interface far into the oil. The
great extent of this structure (great in terms of molecular size) may
be largely due to the motion of the bubbles. Similar experiments on
the adsorption of solutes, especially colloids, in aquéous solutions
show that the concentration adsorbed on the surface of moving bubbles
may be from twice to many times the concentration adsorbed on a plane
quiet surface at equilibrium (references 2 and 3).

The wholly or partially immobllized liquid may contain chains of
oriented molecules of additive extending outward from a primary
adsorbed layer on the surface of the bubble, as suggested independently
by McBain and Davies (reference 2) and by Hardy (reference 4) in 1927.
This may well be supplemented by cybotactic arrangement of the hydro-
carbon molecules in the same region. The practical significance of the
observations is that the reluctance to separate of finely emulsified
air in lubricating oils containing additives, observed in a mock-up
system, has been accounted for. ' S

CONCLUDING REMARKS

Bubbles of sir rising at room temperature through Aeroshell 120,
an undoped lubricating oll, obey Stokes' Law; that is, they rise as
though they were spheres of a diameter equal to their apparent diameter,
at a rate proportionsl to the difference 1n densities of the air and
o0il and inversely proportional to the viscosity of the oil.

Bubbles of air rising at room temperature through a doped oil,
RPM Aviation (not a military aircraft lubricant), rise slightly more
slowly than predicted by Stokes! Law. Similarly, bubbles rising
through Aeroshell 120 containing either 0.1 percent Dow Corning
Fluid Type 200 or 0.075 percent glycerol and 0.025 percent Aerosol OT
rise at a rate considerably slower than thet predicted by Stokes' Law.
As the age of the bubble increases, its rate of rise decreases.

These observations are interpreted as signifying that in the
undoped oil (Aeroshell 120) there is no structure in the 1liquid shell
surrounding the bubble. 1In the oils containing lubricating additives
(RPM Aviation 120) or foam inhibitors (Aeroshell with the inhibitors
named above), there is a thick shell of material surrounding the bubble
which moves with the bubble, impeding its passage through the oil. The
meximum thickness of this shell is calculated assuming Stokes' Law, and
found to be of the samé order as the radius of the air bubble itself.
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The shell surrounding air bubbles 1s evidently due to the
additives in the oll, and not—due to the oil alone. Adsorption of
large magnitude apparently takes place. The motion of the bubbles
through the oll probebly increases the amount of the adsorption.

In the range studied, the shell thickness around large bubbles is
about the same proportion of the bubble diameter as that around small
bubbles. These observations explain the persistent turbidity due to
emulsified air in oils containing certain additives.

Stanford University
Stanford University, Calif:, July 26, 1945
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TABIE I.-~ RISE OF AIR BUBBLES THROUGH AEROSHELL 120

Ratio of
Calculated squared
Velocity, g?-ser;red 21Viscosity, | Velocity | diemeter | aismeters,
v : ame er, o] (o] C Bquared
Dg ? (D l') 2’ &ﬁ
(0a)
5.7 | 25.6 | 0.223 0.170 28.2 7.00 0.186 | 286 x 107%| 1.01
3.8 31.0 .1226 1512 28.2 7.00 .102 230 1.h7
1.9 16.0 .1188 1420 27.9 7.12 .101 156 1.29
3.8 hi.2 .0923 142 25.5 8.15 .08g5 | 138 1.46
3.8 35.6 .107 .1322 27.8 7.15 .0910 | 1ko 1.25
3.8 43.6 .0087 1322 27.8 7.15 LOTHL | 11h 1.53
1.9 62.2 .0305 .0850 28.4 6.90 .0251 | 38.6 1.87
1.9 59.0 .0322 .0756 27.7 7.20 L0276 ko.5 1.34
1.9 80.0 .0238 .0718 27.2 7.40 .0210 32.4 1.60
1.9 110.0 L0173 L0548 27.0 T.47 . 0154 23.8 1.26
Av, 1.40
WCA e
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TABLE IT.- RISE OF ATR BUBBIES THROUGH ABROSHELL 120 CONTAINING

Ratic of
Calculated | asquared
Time | Velocity, g:ﬂer;ed Temperature! Viscosity, | Velocity | dlameter | diameters,
v . dlameter, o0 ¥V 250 o squared, 2
(sec) . (°c) at 25° o ')2 (Ps) _
* (Da')
Cylinder in air
3.8 18.7| 0.203 0.232 06.1 7.86 0.190 293 X 10-% 1.84
3.8 23.2 164 - .189 27.6 T-23 L1k 218 1.64
3.8 38.0 100 .185 26.0 7-90 L0042 | 145 2.36
3.8 3h.2 11 161 27.6 7.23 0955 | 147 1.77
1.9 .31.0 .0613 L1h2 27.5 T-27 .0535 82.5 2.5
3.8 68.0 .0559 132 27.1 743 .okgh 76.0 2.30
3.8 71.1 L0534 127 26.3 T-T7 .0kol 76.0 2.13
3.8 72.3 .0526 127 27.0 T.47 0469 72.3 2.0k
1.9 27.2 .0698 .123 27.0 T-47 0621 95.7 1.59
1.9 51.3 .0371 117 25.9 7-95 0351 54%.0 2.54
1.9 ho.2 .OhT2 .113 27.8 7-15 0ho2 62.0 2.06
3.8 127.0 .0299 .100 26.3 777 0277 ho.6 2.3%
3.8 133.2 .0285 .0906 26.5 7.68 0260 40.0 2.05
3.8 133.8 .0284 .0850 26.7 7.60 0257 39.8 1.81
1.9 114.0 L0167 .0700 26.0 7.90 0157 2.2 2.02
1.9 123.0 0154 .0681 25.9 7.95 0146 22.5 2.06
Av. 2.08
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TABLE ITI.- RISE OF ATR BUBBLES THROUGH AEROSHELL 120 CONTAINIRG

0.1 PBRCENT DOW CORNING FIUID INFE 200
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TABIE IV.- RISE OF ATR BUEBBIES THROUGH RPM AVIATION 120

Ratlo of
Calculeted squared.
Distance | Time | Velocity, Observed | mopyerature Viscosity, | Velocity | dlameter | diameters,
(cm) | (sec) v disumeter, | (og) v at 25° ¢ | squared, .2
Ya : (D ,)2 _\;21__2_
a (Da,') .
Cylinder in sair
3.8 22.3| 0.1705 0.186 25. 4 10.20 0.1670 319 X 10-% 1.08
3.8 33.9 L1121 1548 25,4 10.20 1100 210 1.1k
3.8 38.2 .0993 .1h45h £5.5 10.15 L0970 185 1.1k
3.8 40.0|  .0950 .1398 26.7 9.50 .0868 | 165.6 1.18
3.8 39.0 L0975 .1378 £25.2 10.30 .0965 184 1.03
3.8 56.0 .0679 .1228 25.5 10.15 L0662 | 126.3 1.19
1.9 35.3 0539 .1096 26.7 9.50 .0k93 9k.0 1.28
1.9 48.0) .0396 .1039 25.6 10.10 .0384 73.3 1.k2
3.8 69.0 .0551 .1020 25.2 10.30 L0546 104.3 1.00
3.8 100.0] .0380 .0906 ' 25.2 10.30 .0376 TL.7 1.1h
1.9 58.9 .0325 .0906 25.8 10.00 .0313 59.8 1.37
3.8 140.5 .0270 .0812 25.3 10.25 .0266 50.7 1.30
3.8 135.8 .0280 .0813 25.6 10.10 L0272 5L.9 1.27
3.8 218.0 Nok .06L42 25.2 10.30 L0172 32.8 1.26
.19 23.3 .00804 .oko1 25.1 10.35 .00800 15.3 1.58
1.9 £232.0 .00819 .05k 26.1 9.80 .00TT2 14.7 1.40
1.9 290.0 .00655 .0378 26.5 ‘9.60 . 00605 11.5 1.24
.19 147.0 .00128 L0227 25.0 10.40 .00128 | 2.4 2.1
Av., 1.28
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TABLE V.~ RISE CF ATR BUBBLES THROUGE RFM AVIATION 120

{a) Velocity of rise near cemter of cylimder
fEa.ch group of dats represénis & Single bubble, observed over difierent
intervals. The last bubble was timed in its movement acrogs the
field of the telescope.]

Ratio of
- ) ) . Calculated Bquared
Distance | Time Velocity, serred Tempersture | Viscosity, Velocity denoter diemeters,
(cm) (eec) v dimna 4 (°c) v at 259 C | . Bf?:ml"\ﬂ ? Pg!?
La
4 (Da,')g )
Cyvlinder immersed in water
3.8 62.1 0.0612 0.1082 2h. b 10.75 0.0633 121 x 10"1‘ 0.967
3.8 59.6 .0637 -1082 24.3 10.80 .0662 126.5 .925
3.8 67.3 .0565 .1063 eh.l\lm 10.75 .0585 111..8 1.01
3.8 1.6 L0530 .1008 oh.3 10.80 L0550 105.0 .g72
1.9 - 33.1 .057 .1008 23.5 10.70 .0591 113.0 .g0k
3.8 112.1 -0338 .0816 2L, 3 10.80 ) .0351 67.0 1.00
7.6 267.0 .0285 .0798 ei.a 10.85 .0298 56.9 1.12
1.9 70.% L0270 LOTT9 2L.L 10.75 .0279 53.3 1.15
1.9 66.4 .0286 L0760 2L 10.75 0206 56.5% 1.03
5.7 196.0 0291 . b 10.74 0301 57.5 .956
3.8 136.5 .0278 .7l 21;-3 10.80 .0288 55.0 1.00
3.8 135.0 .0273 L0722 a2k.2 15.85 .0283 5.5 .554
3.8 150.0 .0253 - 0722 2.3 10.80 0263 5.2 1.03
3.8 155.2 .02h45 .0703 2k.3 10.80 L0254 8.5 1.02
5.7 2%9.0 .0220 L0703 2&.% 10-75 .0228 k3.5 1.13
3.8 172.0 .0221 0665 ol ) 10.75 .0229 3.7 1.8
1.9 195.0 .00975 .0kok 2h. 4 10.95 L0101 19.3 1.26
Av. 1.02
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NACA TN 2033

TATIX V.- HISE OGF ATR FUDELER THROUGH RPW AVIATION 120 - Concludsd

(b} Changs in veloclty of rims Trom bobtom to top of cylinder
[Each group of dmta represents 2 mingls bubble, cbaarved over different

The Jast bubble was timad in I1ts movement acrosa the

Tleld of the telescope;]

intervals,
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lrgterval of 10, thet ia, 10 to 20, corresponda to 1.9 centimeters.



TABLE VI.~ RISE OF ATR BUBBIFS THROUGH AEROSHELL 120

[TEa.ch group of data represents a 2ingle bubble, observed
over dlfferent intervals,]

Ratio of
Interval b 4 Calculated squared
Time Velocity gerve rature Viscosity velocity diemetar diameters,

(Fad‘ﬂ’i"““) (Bec) v o di”’]’:""’rl “_*"I?SC) v | atefe squared, (D)2
(Pa") N

(Da?)

Cylinder immersed in water

20 to 30 18.4 0.1032 | mmmmem al.1 8.87 0.1090 168 x 10~% 0.858
30 to %0 . 18.k 00 1o k7= [——— 2h.1 8.87 .1090 168 .858
Lo to 60 36.3 1045 .1198 ok.1 8.87 110k 170 .84
PN, 7Y 10N noOn - ol 1 8 Az 1nhs 161 B&a
OU uve (U S LR - 0= A e L £ Webd| » LT btk AT
T0 to B0 19.0 .1000 1179 2.1 8.87 1057 163 853
50 to 60 19.6 .0869 .a1ho = 8.55 .0885 151.8 .856
20 to 30 21.0 0905 | cmeeee 24,7 8.55 0920 141.8 LO17
30 to 50 4o.0 0950 L1140 247 8.55 .0966 149.0 G2
50 to 7O 38.6 .0986 1102 b7 8.55 .1003 154.5 792
T0 to 8o 20.8 091 [ e 2h.7 8.55 .0930 143.2 .850
30 to 40 30.2 .0629 .0912 2h.7 8.55 L0640 98.6 .84h
ko to 50 30.5 0623 | —eeee 2h.7 8.55 063k 97.6 .853
50 to 60 30.k .p625 .0912 o7 8.55 .0636 98.0 .850
60 ta TO 31.8 L0557 L0012 o7 8.53 .0608 03.6 .839
20 %o 30 25.2 ey 4! T [R—— 2L, T 8.55 .OT66 118 b 50l
30 to 7O 99.7 0762 .0836 2&.7 8.55 L0796 119.6 b, 586
70 to 80 29.0 0655 -0550 ay. 7 8.55 .0666 102.6. .880
20 to 30 37.8 0503 | —--e-- 22.1 9.95 -059%5 91.6 871
30 to 4o 37.7 050k | meeaoe 22,1 9.95 -0396 91.9 869
50 to 60 i R 0893 22.1 9.95 | memmem | mmmeemmen | emeo
60 to 70 ko.6 o T 22.1 9,95 L0554 .893
70 to 80 4,0 .05 087k 22.1 9.95 L0540 .902
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TABLE VI.- RISE OF AIR BUBBIEE THROUGH ARROSHELL 120 - Concluded

£EGS NI VovN

Moont srenten AP Ande mamcecandts = adnola hihhla  ahomsewsd
LPE-\-J.I. EJ.\I Ud U L%l O0LUE & BT IJWU.I-G’ WUUEaWL YWl
over different intervals.) .
Ratio of
Calculated agquared
(;‘?ﬁ ) T Telocity, Thacrved Temperaturs Viscosity Velocity' aismeter dlemeters,
A nes dleme uqunred 2
() (sec) \ Do (% v st 23° C 0)° {Da)
. (Pa'}®
Cylinder immersed in water :
20 to 30 k5.0 0,0hk22 0.0760 2h.1 8.87 0.0450 6.4 x 10-% 0.833
Lo to 50 h6.p .okl .0T60 23,1 8.87 0439 67.5 .855
50 to 60 %7.3 okg2 L0760 ah.1 8.87 .0h23 €5.5 .BB2
60 to O h8.6 0350 0T 2h,1 8.87 .O12 63.5 .B66
70 o 80 50.4 0377 o722 2k.1 8.87 .0398 6Lk .B52
20 to 30 64.0 0297 | e 2h.1 8.87 .03k 8.4 .B95
30 to 4o 65.7 .0289 L0665 2h,1 8.87 .0305 137.9 .921
ho to 50 65.2 L0267 L0646 2h,1 8.57 .0303 46.6 896
50 to 60 67.1 0283 06h6 eh.1 8.87 .0299 L&.1 -907
60 to 70 70.% L0270 .0626 ah,1 B.B7 .0285 bly,0 .89k
70 to 80 TL.1 L0967 .0589 2h. 2 8.81 .0282 k3.5 796
30 to 40 76.8 ozhd .0589 eh.o 8,95 026, o6 .82
ko to 50 9.0 ozha .0589 gk,0 8.95 0256 La.a 618
50 W &0 0.8 023% L0570 ah ¢ 8.95 .08%0 " 1.1 8ho
60 to 70 8s.0 oeeh L0351 h.0 8.95 .0239 39.3 -.B26
T0 %6 80 86.5 0220 0551 2.0 8.95 .023L 36.0 -85
20 to 30 90.8 L0210 | ;- 23.7 9.10 0228 - 35.@ .50
30 to 4o 93.7 B o I i 23.7 9.10 0220 33.9 - .TI9
60 to O 10k.0 L0183 051k 23.7 9.10 - .0198 30.5 .865
T0 to 80 108. 4 0175 | aeeeae a3.7 9.10 .0190 29.3 .900
20 to 30 100.L 0189 | ememe- gh.2 8.80 .0200 30.8 .B57
% to Lo 10L. 4 .0182 051 2h.2 8.80 0192 29.6 .B92
to 50 106.0 L0179 051% 2h.2 8.80 0189 29.1 .009
50 to 60 109.8 L0173 LTS oh,2 8.80 .0183 28.2 .801
60 to TO 119.5 0159 0875 2h.p 8.80 .0168 2%.9 87k
70 to 80 123.0 0154 -0h=6 2h,2 8.80 .0163 5.2 825
Av. 0.379
ATnterval of 10, that ia, 10 to 20, corresponds to 1.90 centimeters. TEEQ?
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TARIE VII.- RIGE OF ATR BUBHLES THROUGH AEROSHELL 120 CONTAINING

0.1 PERCENT DOW CORNING FLUID INFE 200
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